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Abstract

The nature of protective surface layers formed on Tithium in
propylene carbonate solutions of LiC104 and LiAsF6 at open circuit
has been investigated by electrochemical pulse measurements. The results
are consistent with the fast formation of a compact thin layer resulting
from the reaction with residual water. This layer acts as a solid ionic
conductor. Slow corrosion or decomposition processes produce a thicker

porous overlayer.
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Lithium is thermodynamically unstable in contact with most
nonaqueous battery electrolytes and can be used only because of the
formation of protective films on the meta’l‘[ll° It is now generally
assumed [2-5] that in most cases the rate-determining step (rds) of the
dissolution-deposition process of alkali metals in nonaqueous solutions
is not the electron charge transfer but the migration of cation lattice
defects through the surface layer. Properties of films on Li in
propylene carbonate (PC) solutions have been shown to affect the cycling
efficiency of secondary Li electrodes [6,7]. Alloying with an aluminum
substrate has been found to be beneficial [8]. On the basis of SEM
observations, Dey [1] has derived the formation of an “extremely thin"
L12C03 layer on Li on PC. The same author, as well as Peled [3], has
used the previous data of Scarr [9] dealing with the dual Tafel behavior
of Li in PC solutions in order to support his assumption of the existence
of a surface layer and its influence on the electrode kinetics. Scarr
had analyzed his experimental results by means of the Butler-Volmer
equation.

The aim of this study is to investigate the kinetics of film
formation on lithium in propylene carbonate solutions with different
solutes and to determine some film characteristics such as resistance,
conductivity, and thickness.

Two principal ways of investigating these problems were chosen:
electrochemical (galvanostatic pulse techniques) and optical

(ellipsometry). This paper is dealing mainly with electrochemical

measurements, while the results from ellipsometry will be presented



separately. The basic a§$umption of this study is that lithium in PC is
covered by a dense surface layer. It acts as an Li-conducting solid
electrolyte [6] with no electronic conddctivity and has been called Solid
Electrolyte Interphase (SEI) [3]. The capacitance across this film is
assumed to be electrically connected in series with that of the
electrolytic double layer.

The electrochemical behavior of SEI electrodes will be governed
by the properties of the SEI. When the SEI is thick enough, the
migration of ions through it may be the rate-determining step. 1In this
case it is possible to use the basic equation of the classical theory of
jonic conduction in solids developed by Frenkel, Varwey, Cabrera, Mott,

and Young [10]:
i = 4qv Fan, exp(-W/RT) sinh(aqFE/RT), (1)

where i is the current density, q the charge of the mobile ion, v the
vibration frequency, W the barrier energy, a the half-jump distance, and
E the electric field sfrength° At high electric fields, Eq. (1) can be

simplified to:
i= 1, exp(BE) = i, exp(B n/Y) , (2)

where 10 is the zero-field ionic current density, B is the field
coefficient, n is the potential difference across the film, and Y is the
film thickness. Equation (2) represents a Tafel-like polarization

dependence.



From this equation a Tafel slope, b, which increases with the

film thickness, is obtained:

b = 2.3 Y/B. (3)
For low electric fields Eq. (1) reduces to Ohm's law:

i= kalY, (4)

where « is the specific conductivity of the SEI. The reaction resistance

Rp of an electrode is defined as:

Rp = (nll)nao’ (5)
Thus:
R.=1/kx Y. (6)
p
When the field strength approaches zero, one obtains from Eq. (1):
(1)E=O = 1OBE. (7)
Ohm's law is then applicable and Eqs. (4) and (7) result in:

<= (31/3E)p_g = 1.8, (8)

where io is the extrapolated zero-field ionic current density.



Experimental

An electrochemical cell was built to make simultaneous

electrochemical and ellipsometric measurements in situ. Clean, optically
smooth 1lithium electrodes were prepared and inserted into the cell in
inert atmosphere by pressing 3 mm thick, 5 cm2 round lithium discs
(Foote Mineral, high purity, scraped with a blade) on a polycarbonate
foil (cleaned with hexane, alcohol, boiling water (lh), steam (2-3h), and
dried in vacuum at 90-100°C) in a special jig. The cross section of a
3.2 mm diameter freshly extruded Li wire, positioned 1 mm from the
periphery of the test electrode, served as reference electrode. Two
types of solutions were used:

(a) propylene carbonate - L‘iCIO4

(b) propylene carbonate - LiAsFg
Propylene carbonate (Burdick and Jackson, Muskegon MI 49442; distilled in
glass) was distilled in a low-pressure distillation column under He
atmosphere. The reflux ratio was between 60 and 100, and the head
temperature was 145°C. Gas chromatographic analysis showed the water
content to be always below 50 ppm. L1C104 (Alfa p.a.) was dried under

vacuum (4-5 mm Hg) at 220°C for 48-73 hours. LiAsF_. (Alfa p.a.) was

6
driea under vacuum at ambient temperature for 7-8 days.

The solutions with 0.05 and 0.1 percent HZO were prepared by
adding water to PC. The solutes were dissolved in the above so1utions:
In order to avoid any possible reaction of PC vapor with the lithium

surface before contact with the liquid, different glove boxes were used

for the preparation of electrodes and solutions.



The delay in electrochemical measurements from the moment of
electrode scraping was up to 30-45 minutes; the delay after electrolyte
filling was 15-30 seconds. Film formation under open-circuit conditions
was followed by periodic determinations of electrode capacitance and

polarization resistance Rp = (an/ai)n_

0 by means of the galvanostatic
pulse polarization technique. For the capacitance measurements, pulses
were typically of 0.1 mA/cm2 amplitude and 5 us duration; for
polarization measurements, amplitudes typically were 1-20 mA/cm2 and
duration 10 ms. Ohmic potential drop in the electrolyte was derived from
the initial fast potential rise of the short pulses. The transients were
recorded with a Tektronic 5111 storage oscilloscope, equipped with a
Tektronix C-50 camera. A 214B Hewlett Packard pulse generator was used
either through a high resistance or throUgh a potentionstat with 2 us
rise time (PAR-371).

The capacitance was derived from the initial slope of short n-t
transients (5-10 us). Anodic and cathodic pulses produced the same
results. The steady-state IR-free overpotential values for the
determination of Rp were obtained from oscilloscopic traces with a
duration of up to 20 ms. To avoid damage to the film, pulses with the

smallest possible electric charge were applied.

Results and Discussion

1. Film Thickness

The thickness Y of the film formed during contact of the 1lithium

electrode with propylene carbonate solutions has been derived from the



capacitance measurements by use of the formula for two capacitors

connected in series [3,4]
Y = 0¢/0.113C - Y*' e/e'[R] (9)

where ¢ 1is the dielectric constant of the Tithium film, ¢' = 65 that of
PC, C is the capacitance of the electrode in uF/cmZ, and ¢ is the
roughness factor, which is assumed to be unity. The thickness Y' of the
Helmholtz Tayer in concentrated electrolytes can be approximated by the
length of the dipole (ca. 5 A for PC); the second right-hand term in

Eq. (9) .can therefore be neglected. In order for Eq. (9) to be used, the
film dielectric constant and the film morphology should be known.

(a) Dielectric constant of film material. According to Dey [1]

and Dousek et al. [11], PC reacts with Li to form Li,C04. On the
other hand, Butler et al. [12] have demonstrated the predominant role of
small amounts of water in the kinetics of fresh Li surfaces.
Dousek et al. have pointed out the lack of any decomposition reaction on
the bulk Li surface; and even a drastically decreasing rate of PC
decomposition on Li amalgam at only 45 ppm H20 in the PC—LiClO4
solution. Recently, Epelboin et al. [13] have claimed, by ESCA analysis,
that PC leads to the chemical formation of a polymeric membrane on the Li
substrate.

Investigation of the composition of the films formed on Li in
different PC solutions by Auger spectroscopy has so far been inconclusive

(see Par., 8b). For the calculation of film thickness from pulse



measurements a dielectric constant of 5 was used. This value is close to
that of L‘iZCO3 [14], and results in a lower 1imit of film thickness.

One should keep in mind that, for example, with ¢ = 10 (which is close to
the value of 8.9 for Lizo [15]) the film thickness would be twice that
shown here. This difference does, however, not affect the present

conclusions.

(b) Morphology of film. The primary passive film formed on Li in

SOCT2 - L1A1C14 solutions has recently been shown to be dense and
pore-free [4]. The porosity of films formed in pure propylene carbonate
over periods up to 120 h was investigated by immersion in solutions of
different conductivity (0.15M and 1.0M LiC104/PC). The electrode
capacitance and polarization resistance were found to be the same for
both so]utfons and did not change during two days

(C = 0.14 + 0.02 yF/cm® and R, = 380 + 20 ohm arf). This result is
evidence for the absence of electrolyte-filled pores in the film which
controls the pulse measurements.

As will be shown further, higher water amounts in the PC
solutions increase secondary porous film formation. The porous film does
not possess protective properties and presumably would influence the
passive behavior of lithium in PC solutions to a negligible extent, since

the passivity of Li is governed by the primary nonporous film.

2. High-Field Experiments

The steady-state IR-free overpotential values were calculated

from the transients in the range of current densities between



0.050-20 mA/ciP. At the higher current densities (i.e., higher
electric fields, above about 106 V/cm), a Tafel-1ike polarization
dependence is expected [Eq. (2)]. Figure 1 presents a series of Tafel
plots obtained by the pulse technique after immersion for 0 to 6 days,
resulting in different film thicknesses. As required for a
field-assisted ion current across an insulating film, the Tafel slope, b,
increases with film thickness. The extrapolated lines intersect at zero
overpotential at the zero-field current density, io = 3 mA/cmZ.

Curve 1 of Fig. 1 was obtained a few minutes after electrolyte
filling. The value of the zero-field current density 10 of
5.5 mA/cm2 obtained by this plot can be compared to exchange currents
reported by other authors in terms of the electron transfer reaction
mechanism. For example, Butler et al. [12] have reported an extrapolated

value of the exchange current in 0.001 M HZO/PC/L1C1O ‘on freshly cut

4
Li surface of 12AmA/cm2. An exchange current of 3.3 mA/cm2 was
reported by Epelboin et al. [13] by using anodic polarization techniques
for surface cleaning. The value of 5.5 mA/cm2 obtained in this study
for the specularly reflecting Li surface agrees well with the value of
12 mA/cm2 [12] for a roughness factor of 2 to 3 given by the previous
authors [13]. This is evidence for comparable cleanliness of the Li
surfaces used in both studies.

This higher value of 10 obtained just after immersing the
electrode, as compared to the zero-field current (2.7-3.0 mA/cmZ),

suggests that immediately after electrode immersion into the solution the

electrode charge-transfer step is rate determining.
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The electrode capacitance of 1.3-1.6 pF/cm2 is lower than that
of the double layer which supports the presence of a film of 15-30 A
(e = 5-10) at the time of immersion.

The value of the field coefficient B [Eq. (3)] may be obtained
from the slope of the b-Y plot presented in Fig. 2. This value,
B=1.2=%* 0.1 x lO”6 cm/V, is very close to that of typical barrier
films [10].

Plots of log i vs field strength E in different so]utions are
given in Fig. 3. It is found that the current density does not depend on
the film thickness. This finding supports the assumption of the
rate-determining step being the ion migration through the film. From the
plot log i - E, using Eq. (2) the‘value of B can also be determined. It
can be seen that adding water to LiClO4 solutions decreases the field
coefficient, B (slope, Eq. (2)). For LiAsFg solutions, the field
coefficient is larger (1.8 * 0.1 x 10"6 cm/V). The zero-field current
density is the same for the three solutions (2.9 # 0.2 x 10°3 A/cmz),
indicating similar film properties in different media. These values of B
and 10 were used to calculate the specific conductivity of the film by
the low-field approximation, Eq. (8), resulting in

(3.1 % 0.25) x 1072 o ! crit

9 0 1

for LiC1O4 solutions and

(5.1 £ 0.2) x 107 il et for LiAsFg solutions.
Experimentally determined values of the Tafel slope, b, at
different film thicknesses can be derived from Fig. 1. As has been seen

from Eqs. (1)-(3), the Tafel slope is equal to
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b=2.3RT Y/aqF. (10)

For q =1 and a = 3 &, this formula is simplified to

b(mV) = 20 Y (11)

A comparison between the experimental and theoretical values of b
is given in Table I. If one considers that other combinations of
dielectric constant e¢ and half-jump distance a of the film could be used,
the agreement of measured and computed Tafel slopes (for ¢ = 5 and

a =3 AR) is satisfactory.

3. Low-Field Experiments

Figures 4 and 5 present typical sets of experimental plots
reflecting the increase of the electrode resistance Rp and the
reciprocal capacitance 1/C with time for Li electrodes immersed in

PC/LiC10, and PC/LiAsF6 solutions, respectively. It was found in

4
more than 30 experiments that all 1/C - R plots intersect at the same
point with the coordinates: 1/C = 0.70 # 0.10 cm2/uF and

R=8=2 ohm cmz. This observation supports the existence of a
capacitance connected in series with the capacitance across the passive
film. This capacitance is low compared to that of the Helmholtz double
)

layer (10-20 pF/cm”) [8,12,13], and probably it is a capacitance of a

surface layer formed in the glove box [16].
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Hence the thickness of the film formed during the contact of

Tithium with the solution can be calculated from Eq. (12) instead of

Eq. (9):

8

Y = 8.85 x 107 eo (1/C - 1/Cd)[cm] (12)

where C is the film capacitance and C, is the intersection of the plot

d
(1/C - Rp) with the 1/C ordinate (actually this involves an error of a

few A if, instead of Rp = 5-8 ohm cmz9 Rp = 20 is taken).

From the slope of 1/C - Rp, using Eqs. (6) and (12), the values
of specific conductivity of the primary passive film in different PC

solutions can be derived. This value for PC/LiC10, solutions is

2.7 £ 0.2 x 1077 ohmiL cnfl (Fig. 4) and for

-9 1

4

PC/LiAsFg - 5.1 £ 0.25x1077 ohm~ c;m'”l (Fig. 5). Both are very

close to the value of k, estimated from the low-field approximation

[Eq. (8)1.

4, Effect of Water

Figure 6 presents the change of the electrode resistance during
the time of immersion. In the same figure, curves 1 and 2 are for 0.5M

L1A5F6 solutions with 20 and 1000 ppm H_ 0, respectively, and

2
curves 3, 4, and 5 are for 0.5M L1'C104 solutions with 20, 500, and

1000 ppm H,0, respectively. The curves show that the rate of film

2
formation increases with water concentration. This trend s much

stronger in PC/LiC'iO4 solutions than in LiAsFé.
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From Fig. 5 it can also be seen that there is no difference

between the conductivity of films formed in PC/0.5M LiAsF_. with 20 ppm

6

2O and those with 1000 ppm H20° On the other hand, the film

conductivity in LiAsF6 solutions is always higher than in LiC10

H

4
solutions independent of the water concentration. For example, from the

lower two curves in Fig. 4, one calculates values of 0.8 to

1.5 x 10"9 cm"1 c)hm"1 for k for LiC]O4 solutions with

500-1000 ppm H,0. The corresponding value for LiAsF,. solutions

2 6
(Fig. 5) is 3-4 times higher. The former values are 2-3 times lower than

the conductivity of passive films formed in L‘iC'iO4 solutions with

1 -1

20 ppm H,0 (2.5-3.5 x 1072 ohm™} cm1).

2
The same tendency of thin-film conductivity change is also
demonstrated from the high-field experiments (see Fig. 3), but to a
lesser extent. For example, the expected field coefficient, B, for
PC/0.5M LiC'lO4 solutions with 1000 ppm of water should be approximately
two times lower in order to fit the calculated value of specific
conductivity according to Eq. (8)(K = 108) to that obtained from
low-field experiments (Fig. 4). This disagreement, found only in
PC/LiC‘lO4 solutions of high water content, is probably due to some
influence of the secondary porous film. On the other hand, it is
noteworthy that the Tafel plots log i - E taken from the passivated

1ithium electrode in pure PC, PC with 0.5M LiAsFG, and PC/LiAsF,. with

6
1000 ppm H20 show the same slope, the same field coefficient
6 -1 |

B=1.8x10" cm, and zero field current density -

i, = 2.7 x 1073 A/cm2 (Fig. 7). The specific conductivity
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calculated using these values of B and io is very close to the one

found for LiAsF. solutions from low-field experiments (see Fig. 5),

6
4.9 x 10_’9 ohm"=1 cm-la

This observation supports the following ideas: (a) passive
layers are formed the same way in PC without any salt and with LiAsF6

as solute, (b) LiAsF. does not take part in the film formation, and (c)

6
film is formed as a result of reaction of Li with water impurity. The
last suggestion is reinforced by the increase of the rate of formation
with increasing water concentration.

A surprising result from this set of experiments was that Tithium
corroded faster in PC (without salt) containing 0.1 percent HZO than in
solutions of L1C104 and LiAsF6 with the same amount of water
(Figs. 11-12). After seven days of immersion in PC with water, a
mirror-1ike bright Tithium surface turns dark grey. This has never
happened in the solutions with LiC1O4 or LiAsF6 with the same water
concentrations. The water activity appears to be reduced by the presence
of salts.

So far, there is no reasonable explanation for the decrease in
film conductivity with increasing water content of LiClO4 solutions.

However, the fact that even in L1’C1O4 solutions with low H,0

2
concentration the film conductivity is always lower than in LiAsF6
solutions and pure PC suggests the important role of LiC‘lO4 in the film

formation.
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5. Effect of Cathodic Pulse Polarizations

The overpotential behavior of the Li electrode in PC/L1C104 was
found to be different for anodic and cathodic polarization. In Fig. 8,
the difference between cathodic and anodic overpotentials, an, is related
to the film thickness for 0.5 mA/cm2 and 1 mA/cm2 current pulses of
10 ms duration.

The higher overpotential (or higher resistance) of the process of

the Li deposition in LiC10, can be attributed to the difficulty of the

4
Li+ transport across the solution/film or the film/metal interfaces.
In PC/LiAsF6 solutions completely symmetric behavior was observed up to
15 mA/cmZ. A similar effect of asymmetric overpotential behavior of
magnesium electrodes in SOCTZ solutions was reported by Peled and
Strase [17]. They explained the effect as being due to the rather
difficult process of solvated molecules shedding their solvent before
entering the passivating layer. The dependence of the excess cathodic
voltage an on film thickness (Fig. 8) is, however, not consistent with

solvent molecule shedding at the solution/passive layer interface.

6. Film Growth

As it was recently demonstrated [18], a good agreement with
experimental results of the passive film growth in SOC]2 - L1A1C14
solutions can be obtained if an additional slow film corrosion is taken
into account. The corrosion rate is assumed to rule the growth of the

secondary porous film in the postulated dual-film model.
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The same approach is used in this study, especially for solutions
containing 0.05 and 0.1 percent HZO where the corrosion rate is

higher. The equations used are:

v = (aY/st) = vg - Ve v (13)
V = Abvm K/YF - Ve (14)
V=AY - v, [cem/s]. (15)

Here v is the instantaneous net rate of film growth calculated by
graphical differentiation of the Y-t curves, vg is the rate of the
primary passive film growth by field-assisted ionic migration iﬁ the
solid phase, Ve is the rate of corrosion assumed to be independent of
film thickness and time, Ap is the potential difference in the film,
Vm is the molar volume of the passive film in cm3/mole, and K is the
specific conductivity of the film.

In Fig. 9, v is plotted vs the reciprocal film thickness 1/Y.
The slopes of the plot v vs 1/Y yield the kinetic constant, A, the
intercept with the abscissa gives a steady-state thickness Y, for

v = 0. Under this condition, Eq. (15) yields the corrosion rate of the

film

Ve = AlY, [em/s]. ' (16)
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Table II presents the kinetic data obtained from the plots in Fig. 9.
For comparison, data on Li in SOC12/L1'A'I(114 are also included [18].

Film growth rates derived from simultaneous ellipsometric
measurement in the same solutions [19] are of the same order of magnitude
as those presented in Table II. For example, ellipsometry gives for Ve

in PC/1M LiC10, solution with Q.1 percent H20 a value of

4
0.15-0.3 x 10'"12 cm/s, assuming a constant growth of the porous film
| during 10 days of storage.

Corrosion rates of Li in PC solutions can be seen to be two

orders of magnitude lower than in SOC]2 - LiA1C14 solutions.

7. Temperature Dependence

With a dielectric constant of 5, assuming that ¢ does not depend
on the solute and the film density, a field constant B, typical for
barrier films, was derived. This value is for PC/LiAsF6
1.8 # 0.2x10_6 V"’1 cm, and for PC/LiClO4 solutions 0.8 to
l.3x10'6 V—l cm, depending on the water content. This agreement of
the experimental results with the basic eduation of the ionic transport,
and especially the accuracy of the experimentally found thickness used
for calculating the kinetic constants, could be determined once more.

Following Young [10], the Eq. (2) 1 = iy exp(BE) is valid when
the backward current is negligible compared to the forward current.

Hence, the ratio P will indicate this validity:

P = exp —(W - qgaE)/exp —(W + gaE) (15)

¥
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where W is the activation (barrier) energy, g is the ion charge of the
mobile ion, a is the half-jump distance, and E is the field strength.
The apparent activation energy of the ionic conductivity was
assessed by the temperature dependence of  of the passive film, formed
in PC/O0.5 m L1‘C1O4 in the temperature range -20 to +20°C. The
Arrhenius plot (Fig. 10) yields 0.61 V. This value with a = 3 A and
g=-e for a fieldE = 106V/cm gives P = 10. This means that at
electric fields of 1O6V/cm a Tafel-1ike behavior is expected. The

experimental results summarized in Figs. 3 and 7 have confirmed this

theoretical expectation.

8. Surface-Film Observations

(a) Scanning Electron Microscopy (SEM). Electrode surfaces

resulting from exposure to pure PC and solutions of LiC]O4 and LiAsF6

of different water content have been examined by SEM. The Tithium
specimens were transferred from the glove box to the SEM in a transfer
device under 10-20 m Torr of helium. Transfer time was about 1 hr. The
film morphology was found to depend on the electrolyte composition as
well as on storage time. With higher water concentration and longer
storage time, a coarser crystalline film with higher porosity was
observed. At low water concentration the film formed in L1‘C1O4 appears
less porous than that formed in LiAsFG. However, nearly the same rough
and porous structure was observed in both solutions when the water Tevel

was increased to 0.1 percent.



19

Microstructures seen in scanning electron micrographs agree with
the findings about the importance of electrolyte salts for film growth
and corrosion (Secs. 4 and 6). A pore-free dense structure was observed
after exposure to pure PC. This structure is consistent with
electrochemical experiments mentioned before. The porous overlayer
formed in less than six days was assumed to possess low protective
properties, and not to influence the investigated Li passivity. This
assumption may not be valid for the longest exposure times.

(b) Auger Electron Spectroscopy (AES). Auger spectra and depth

profiles on Li electrodes stored in different PC solutions have been
determined. The most reproducible results were obtained with Tithium
stored in PC without salt. A 5 min depth profile of Li, C, 0 on
electrodes exposed to pure PC for two Qeeks shows that the bare Li
surface is reached after 3 min of sputtering, indicating an approximate
film thickness of 400-500 A based on a calibrated sputter rate of

150 A/min for Ta205 under the same conditions. This value is of the
same order as 300-350 A obtained by capacitance measurements

(0.12-0.14 uF/cmZ; e=5). No firm conclusions about the chemical
composition of the film could be drawn from the Auger spectra. An
initial carbon content of 33 At.% which decreased to below 5% after
1.5 min could have been caused by residual CO in the UHV-chamber, and is
not necessarily indicative of the presence of L12C03. Oxygen content
increased from 37 At. 4 to 50% after 0.5 min and decreased to less than

1094 after 3 min. Chlorine content decreased from 29 to less than 1%

after 0.5 min.
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9, General Discussion and Conclusions

The present study supports the idea that the stability of Li in
PC solutions at open-circuit and ambient temperaturé can be attributed to
the formation of a nonporous ionically conducting and electronically
insulating film.

The increase of film formation rate at higher water concentration
and the independence of the specific conductivity of the films of the
water level in PC~L1ASF6 solutions demonstrate the importance of the
reaction of Li with water in propylene carbonate solutions, which is also

supported by SEM observations. Li,0 is the thermodynamically favored

2
reaction product. The importance of water has also been pointed out by
Butler et al. [12] and Besenhard and Eichinger [20].

Recently, Froning et al. [16] and Keil et al. [21] have shown
that even at extremely low oxygen exposures (66 Langmuirs) the freshly
cut Li surface is immediately covered by a LiZO film. Oxygen exposure
of the lithium electrode during preparation in the dry box has been
larger, and an initially present film of 15-30 A thickness is indicated
by the capacitance measurements.

In this study it has been shown that the specific conductivity of
the passive film formed in PC/LiAsF6 is two to three times higher than
that in PC/L1C104. Ancdic and cathodic overpotentials were found to be

symmetric in LiAsF_.~-solutions, whereas the cathodic overpotential was

6

higher than the anodic in LiC1O4—so1utions. This finding is in

agreement with that by Brummer et al. [22] that ASFE improves the Li

cycling efficiency in PC solution, probably as a result of the higher
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conductivity of the film formed in AsF6 solutions as compared to
films from C]OZ solutions.

In addition to the nonporous layer respoﬁsib]e for inhibiting the
spontaneous reaction of lithium, a nonprotective outer porous film region
seems to be formed by a corrosion (or decomposition) process. This part
of the film does not affect electrochemical measurements but is visible
in scanning electron micrographs and is found in ellipsometer

measurements.
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Table I

Comparison between Experimental and Theoretical
Tafel Slopes

Y bexp btheor.=20Y
A my mv
25 460 500
37 670 740
65 1150 1300
103 1840 2060
130 2400 2600
138 2650 2760

162 3255 3240
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Table II

Kinetic Data of Film Growth in Different Media

Electrolyte - Y kx10 A ’ v
-1 -1 2 ¢
A ohm “cm cm /s cm/s
PC/0.5M LiC10,, 0.1% H,0 114  0.81 1.3x10°18  1.15x10712
PC/L.OM LiC10,, 0.1% H,0 167  1.34 1.8x10718  1.08x10712
PC/0.5M LiASF,, 0.1% H,0 167 5.3 ax10-18 2.4x10712
S0C1,/1M LiAICT, 200  0.64 2x10710 1x10710




Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

26

Figure Captions

Tafel plots at constant film thickness (derived for ¢ = 5, anodic
polarization), 1-25 A, 2-37 A, 3-65 A, 4-103 A, 5-130 A, 6-138 A,
7-162 A.

Relationship between film thickness Y and Tafel slope b.

Tafel plots, log i vs E, in different propylene carbonate

solutions, 30-200 A films: 1-0.5M LiAsF,., 2-0.5M LiC10,,

69
3-0.5M LiC'lO4 +0.1% H20°

Reciprocal capacitance, 1/C vs polarization resistance, Rp, in

the following propylene carbonate solutions: o,e~1M L1C1049
0, ®1M LiC10

1M LiC10, + 0.05% H +0.19 HZO9

2
+0.1% HZOn

4

0-0.5M L'iC]O4

Reciprocal capacitance, 1/C vs polarization resistance Rp, in

hexafluoroarsenate solutions. e,0-0.5M LiAsFG,
4-0.5M LiAsF6 + 0.1% HZO'

Time-dependence of Li electrode resistance in different propylene
carbonate solutions: 1-0.5M LiAst;

2-0.5M LiAsF. + 0.1% H_0; 3-0.5M LiC10

6 2 4°

4-0.5M L‘iC]O4 + 0.05% HZO; 5-0.5M LiC10, + 0.1% HZO'

4
Tafel plots, log i vs E, for: a-PC without salt, Y + 307 A;

O-PC/0.5M LiAsFy, Y = 215 A; 0-PC/0.5M LiAsF¢ + 0.1% H,0,

Yy = 205 A.
Dependence of the excess voltage, an, on the film thickness 1in

IM LiC10, at: 1-0.5 mA/cn’, 2-1 mA/cnt.



Fig. 9

Fig.10

Fig.11

Fig.12
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Dependence of the net rate of film growth, v, on the reciprocal
film thickness, 1/Y. Propylene carbonate solutions with

2-1.0M LiC10,, 3-0.5M LiAsF .

4° 4° 6
Temperature dependence of the ionic conductivity through the film

0.1% HZO: 1-0.5M LiC1)

on Tithium formed in 0.5M LiC10, solution.

SEM picture of Li surface after five days of storage in PC with
0.1% H,0, 1000x.

SEM picture of Li surface after five days of storage in

PC + 0.1%%&0 +1.2M LiC10,, 2000x.
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